University of Wollongong

Research Online
Faculty of Engineering and Information
Sciences - Papers: Part B

Faculty of Engineering and Information
Sciences

2016

Estimating the compression behaviour of metal-rich clays via a
Disturbed State Concept (DSC) model
Ri-Dong Fan
Southeast University

Martin D. Liu
University of Wollongong, martindl@uow.edu.au

Yan Jun Du
Southeast University

Suksun Horpibulsuk
Suranaree University of Technology, suksun@g.sut.ac.th

Follow this and additional works at: https://ro.uow.edu.au/eispapers1
Part of the Engineering Commons, and the Science and Technology Studies Commons

Recommended Citation
Fan, Ri-Dong; Liu, Martin D.; Du, Yan Jun; and Horpibulsuk, Suksun, "Estimating the compression behaviour
of metal-rich clays via a Disturbed State Concept (DSC) model" (2016). Faculty of Engineering and
Information Sciences - Papers: Part B. 268.
https://ro.uow.edu.au/eispapers1/268

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au

Estimating the compression behaviour of metal-rich clays via a Disturbed State
Concept (DSC) model
Abstract
Many studies have been made on the compression behaviour of clay exposed to metal-rich liquids (metalrich clay) because metal contamination of clay is found worldwide and increasingly poses as an
environmental risk. However, the study on predicting the compression behaviour of contaminated clay
with various metal concentrations is very limited. In this paper, a general compression model of the metalrich clays is proposed based on a general Disturbed State Concept (DSC) compression model. A
simplified form of the general model is proposed, and validated based on the compression behaviour of
metal-rich clays with various metal concentrations in the pore liquid. The following conclusions are
obtained in this study: (1) the simplified DSC compression model provides a practical means to estimate
the compression behaviour of metal-rich clays, and it can quantify the influence of various metals on the
compression behaviour of clay; (2) in the simplified DSC compression model, the influence of metal
exposure can be reliably described by one parameter b, which is very useful for geotechnical engineering
practice; (3) the ratio of the bulk modulus for metal-rich clays over that of the parent clay (i.e., without
metal contamination) is found to be dependent on parameter b only, and that value is usually greater than
1. The highest value for the bulk modulus ratio found in this study is 2.2 for a sea water-exposed clay; and
(4) two empirical equations for estimating parameter b are established. Hence the proposed model can
be used for engineering estimation.

Disciplines
Engineering | Science and Technology Studies

Publication Details
Fan, R., Liu, M., Du, Y. & Horpibulsuk, S. (2016). Estimating the compression behaviour of metal-rich clays
via a Disturbed State Concept (DSC) model. Applied Clay Science, 132-133 50-58.

This journal article is available at Research Online: https://ro.uow.edu.au/eispapers1/268

Estimating the Compression Behaviour of Metal-rich Clays via a Disturbed State Concept
(DSC) Model

Ri-Dong Fan
PhD candidate, Institute of Geotechnical Engineering, Southeast University, Nanjing, China.
Email: fanrd19880612@163.com
Martin Liu
Senior Lecturer, Faculty of Engineering and Information Sciences, University of Wollongong,
Australia. E-mail: martindl@uow.edu.au
Yan-Jun Du*
Professor, Institute of Geotechnical Engineering, Southeast University, Nanjing, China
(Corresponding author). Email: duyanjun@seu.edu.cn
Suksun Horpibulsuk*
Professor, School of Civil Engineering and Center of Excellence in Innovation for Sustainable
Infrastructure Development, Suranaree University of Technology, Nakhon-Ratchasima, Thailand
(Corresponding author). E-mail: suksun@g.sut.ac.th

ABSTRACT

Many studies have been made on the compression behaviour of clay exposed to metal-rich
liquids (metal-rich clay) because metal contamination of clay is found worldwide and
increasingly poses as an environmental risk. However, the study on predicting the compression
behaviour of contaminated clay with various metal concentrations is very limited. In this paper, a
general compression model of the metal-rich clays is proposed based on a general Disturbed
State Concept (DSC) compression model. A simplified form of the general model is proposed,
and validated based on the compression behaviour of metal-rich clays with various metal
concentrations in the pore liquid. The following conclusions are obtained in this study: (1) the
simplified DSC compression model provides a practical means to estimate the compression
behaviour of metal-rich clays, and it can quantify the influence of various metals on the
compression behaviour of clay; (2) in the simplified DSC compression model, the influence of
metal exposure can be reliably described by one parameter b, which is very useful for
geotechnical engineering practice; (3) the ratio of the bulk modulus for metal-rich clays over that
of the parent clay (i.e., without metal contamination) is found to be dependent on parameter b
only, and that value is greater than 1. The highest value for the bulk modulus ratio found in this
study is 2.2 for a sea water-exposed clay; and (4) two empirical equations for estimating
parameter b are established. Hence the proposed model can be used for engineering estimation.
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1.

Introduction
Because of improper waste disposals and accidental chemical spills, problematic soils with

heavily exposed to metals including toxic and non-toxic metals are found worldwide, commonly
encountered at the abandoned industrial sites and landfills [12-15, 34]. Toxic metals are posing
risks to public health and environment, and they may also lead to degradation of the mechanical
properties of soils. Previous studies indicated that the compression behaviour of natural clays and
engineered barrier materials, including bentonite and sandy soil/Na-bentonite backfills for slurrytrench walls, could be altered when they were exposed to metal-rich liquids (hereinafter referred
to as metal-rich clays) [6, 11, 16, 18, 30, 36, 47, 48]. The containment performance of
engineered soil barriers, including hydraulic conductivity, diffusion coefficient and chemicoosmotic efficiency coefficient, is significantly affected by their void changes or compression
behaviour [21, 22].
It is now well recognised that the engineering properties (compression index, hydraulic
conductivity and shear strength) of natural clay and commercial bentonite or kaolin are crucially
affected by the pore fluid chemistry. The changes on soil properties are attributed to the
following reasons [11, 16, 24, 31, 35, 37, 45, 46]: (1) the contraction of the diffuse double layer;
(2) the pH and salinity of pore fluid induced changes in surface charges and structural
characterisation of clay particles; (3) the dissolution of carbonate bonds or cementation between
clay particles due to acid corrosion; and (4) the complex geochemical and mineralogical changes.
Previous studies suggested that the compression behaviour of kaolinitic and montmorillonitic
soils were primarily governed by different mechanisms due to the difference in surface charge
characteristics and clay minerals [11, 18, 37, 38]. The compressibility of montmorillonitic clays
tends to decrease with an increase in cation concentration in soil pore fluid [37, 38]. This is
because the particles of montmorillonitic soils tend to form a relatively tight aggregation fabric
1

resulting from contraction of diffuse double layer (i.e., the decrease in diffuse double layer
repulsion) when exposed to metal-rich liquids [11, 37, 38]. For kaolinitic soils, their compression
behaviour is crucially affected by micro-structure, which is essentially controlled by the pH
value at isoelectric point for edge (IEPedge), soil pH, as well as “convergence concentration” of
metals [11, 32, 33, 45]. When the cation concentration is lower than the convergence
concentration suggested by Palomino and Santamarina [32] and soil pH is > IEPedge, kaolinitic
soil particle forms a deflocculated fabric, leading to a slight increase in the compressibility as
compared to the parent clay (i.e., clean kaolin) [18]. If the metal concentration is lower than the
convergence concentration and soil pH is < IEPedge, a face-to-face aggregation fabric would form
for kaolinitic soils. As a consequence, the liquid limit and compressibility change insignificantly
with respect to the metal concentration [32]. Nevertheless, when the metal concentration is
higher than the convergence concentration, aggregation fabric would form for kaolinitic soils
regardless of the soil pH [11, 32], resulting in reduced liquid limit and compressibility as
compared to the parent soils (i.e., soils that treated by distilled water) [1, 44]. The convergence
concentration ranges from 50 to 150 mmol/L and approximately 2 mmol/L for sodium (Na+) ions
and calcium (Ca2+) ions, respectively [24, 32, 45].
There has been a large amount of theoretically modelling and prediction of the compression
behaviour of soils including the influence of soil structures [4, 25-27, 39]. However, theoretical
models capturing the compression behaviour of metal-rich clays are very limited [12]. Modelling
the compression behaviour of metal-rich clay is complicated because of the variation in the
mineralogy of the soil, soil pH and metal speciation as well as complexity of the chemical
reactions. A study of modelling the compression behaviour of metal-rich clays will provide a
better understanding of the influence of metal contamination, and a useful means for predicting
the deformation of metal rich clays.
2

Liu et al. [25, 26] proposed a unified compression model based on Disturbed State Concept
(DSC) for structured geo-materials including clay, sand, calcareous soil, and gravel. In this study,
the compression characteristics of metal-rich clays are modelled based on the DSC compression
model proposed by Liu et al. [26]. A simplified form of the DSC compression model is
suggested for clays exposed to concentrated metal solutions. Based on the comparison between
the model simulations and experimental data, it is seen that the proposed simplified method
provides a powerful means to estimate the compression behaviour of metal-rich clays and to
quantify the influence of metal contamination on the clay behaviour. Only one parameter, i.e., b,
is needed in the model. Two empirical equations are also proposed for determining the value of
parameter b. It is therefore possible to determine the value of b from some common soil
parameters.

2.

Modelling the compression behaviour of metal-rich clays

2.1

Disturbed State Concept (DSC)
In DSC models, the response of a material to the variations in both internal and external

conditions is described in terms of the responses of the material at two reference states, namely,
the “relatively intact” state (RI) and the “fully adjusted” state (FA) [7-9]. The response of the
material at any other state is then modelled by the responses at the two reference states with a
disturbance function. The disturbance function provides a coupling and interpolation mechanism
between the response of the material in the RI and FA states. Desai proposed the following
general form for DSC models [7]:
d ija  (1  Dε )d iji  Dε d  ijc  dDε  ijc   iji 

(1)

where ij represents the strain tensor, the superscript ‘a’ indicates quantities associated with the
observed or the actual material response, the superscript ‘c’ indicates quantities associated with
3

the response of the fully adjusted material, and the superscript ‘i’ indicates quantities associated
with the response of the relatively intact material. D is the disturbance function for strain
quantities.

2.2

A DSC compression model for structured geomaterials
The DSC compression model proposed by Liu et al. [26] is briefly introduced here. The

model is focused on the influence of the structure on geomaterial behaviour. The reference state
is usually selected as the material with “no structure”, i.e., the reconstituted state for clay. The
relatively intact state is chosen to be the “zero state”, i.e., the state with no response to stress (a
perfectly rigid material), thus,  iji  0 . The following compression equation is obtained:

d va  D v d vc

(2)

where v is the volumetric strain, and D v is the disturbance functions for the volumetric strain.
The disturbance function D v is dependent on the yielding stress, and described by

 py, i 
Dεv  1  b 
 p 
 y 

r

(3)

where b and r are parameters, describing the effect of compression disturbance on geomaterial

 is the initial yielding stress defined by the structure of the geomaterial.
behaviour, and py,i
Eq. (3) is proposed by trial and error based on the observed pattern of the ratio of the
volumetric strain increment for structured soil over that of the soil in reconstituted state [e.g., 4,
25, 29]. However, the applicability of the model for metal-rich clay compression behaviour was
not examined in details.

4

2.3

A DSC compression model for metal-rich clays
As seen in Eq. (3), for situations with r  0, it is indicated that the influence of soil structure

on the compression response decreases with stress and approaches zero with increasing stress.
However, unlike that of most natural clays, particularly soft clay, the compression behaviour of
the metal-rich clay is not asymptotic to that of the parent clay, and the reduction of the influence
of soil structure with loading is not seen in the experimental observation. Based on quantitative
analyses of soil test results [e.g., 3, 5, 10, 11, 43, 47, 48], a special form of Eq. (3) is proposed
for metal-rich clays as follows:

Dεv  1  b

(4)

There is only one parameter, b, in the equation, and its value is mainly dependent on
mineralogy of the clay and the metal concentrations. A complete DSC compression model can
thus be formed on two assumptions: (1) soil behaviour is divided into two regions in the stress
space by the current yielding stress, i.e., the elastic region and the virgin yielding region, and (2)
the elastic deformation is independent of soil mineralogy and metal concentration. The elastic
deformation parameter such as swelling index  of the meal-rich soil is assumed to be the same
as that of the parent soil without metal contamination. Then, the following stress-strain equation
for compression behaviour is obtained:
c

 d v
d  
c

1  b  d  v
a
v

for p  py
for p  py

(5)

In the equation, py is the current yielding stress in the form of mean effective stress,  va is
the volumetric strain for the metal-rich clay, and  vc is the volumetric strain for the parent clay.
Eq. (5) is simple because of its hierarchical nature. Constitutive equations of the behaviour of a
soil for the parent clay have been absorbed as the starting point for modelling the deformation of
5

the structured clay, that is,  vc is directly employed in the constitutive modelling.
In the DSC model, the reference state behaviour can be defined according to the practical
problem of interest and the knowledge available, including the material response in laboratory
and field tests. To demonstrate the impacts of metal concentrations on the mechanical properties
of metal-rich clays, the compression behaviour of the parent clay is directly selected as the
reference state. It is noted that the parent clays may possess their structures or fabrics.

2.4

A special case
It is usually convenient to substitute the vertical effective stress  v for the mean effective

stress p when describing one-dimensional compression behaviour. Consequently, the stressstrain equation for one-dimensional compression is written as
c

 d
d  va   v
c

1  b  d  v


for  v   vy

for  v   vy

(6)

 is the current vertical yielding stress.
where  v is the vertical effective stress, and  vy
It should be noted that the proposed Eq. (5) or (6) is valid only for compression tests, where
the shear stress ratio is kept approximately constant. The extension of the equations for general
stress paths is not included in this paper, but is an important topic for further research.

 in Eq. (6) is the remoulded yielding stress as suggested
In terms of reconstituted clays,  vy
by Hong et al. [17]. It is assumed that parameter b is the same as that in Eq. (5). A method for
determining the key parameter b is proposed here.
The volumetric strain increment d  v for a stress change can be written as
d v 

e
1 e

(7)

6

Eq. (6) can be expressed as

 eic

c
eia
 1  ei

1  ei a 
eic
1  bi 


1  ei c


for  v   vy
(8)


for  v   vy

Parameter bi is the value of b for every stress change. where e is the change in void ratio
due to loading, e is the average value of void ratio before and after loading, and the superscript
‘i’ represents the data when soil is subjected to the ith load increment. The total number of load
increments is n for the stress path with v  vy .
For a given soil with the given metal concentration, bi is assumed to be constant. Then,
0




b  






for  v   vy




 eia




a
1

e


i
1 
c 


e


i


c 

1  ei 


n

(9)

for  v   vy

Hence, if test results are available on both the parent clay and the metal-rich clay with the
same testing stress path, Eq. (9) can be employed to determine the value of parameter b. Firstly,
the stress path is divided into m steps of small length, the same for both tests. The total number
of virgin yielding steps is n. Then, the incremental void ratio and the average void ratio for every
step with virgin yielding can be measured for both the parent clay and the metal-rich clay.
Thirdly, the numerator in Eq. (9) for every virgin yielding step can be calculated. Fourthly, the
sum of the numerator for every virgin yielding step divided by the total number of virgin
yielding steps n will give the value of parameter b.

7

3.

Modelling compression behaviour of metal-rich clays via the proposed model

3.1.

Description of oedometer tests reported by previous studies
Considered in this study are experimental data on the compression behaviour of metal-rich

reconstituted clays reported by Du et al. [11], Yong et al. [47] and Yukselen-Aksoy et al. [48].
All specimens were prepared by rigorous mixing of raw soil with concentrated metal solutions
and left for hydration for certain time. During the oedometer tests, the same type of metal
solutions was used to soak the specimens in the oedometer cells; therefore, it was ensured that
chemical-osmosis induced consolidation did not occur in the specimens. Du et al. [11] performed
twelve oedometer tests to investigate the effect of lead (Pb) on the compression behaviour of
kaolin-bentonite mixtures for vertical cutoff wall backfill. The initial water contents are the same
as their corresponding liquid limits. The bentonite content of the kaolin-bentonite mixtures was
controlled to 5, 10 and 15% (dry weight basis). Lead nitrate (Pb(NO3)2) solution was used to
represent lead contaminant, and lead concentrations were set as 60, 120, and 600 mmol/L,
respectively. Yong et al. [47] performed eight oedometer tests to evaluate the compression
behaviour of smectite and sodium carbonate treated smectite when exposed to copper. The
copper concentrations, using Cu(NO3)2 solution, were controlled as 0.1, 0.2, and 1.0 mol/L,
respectively. Experimental data of three typical seawater-contaminated natural clays were
obtained from Yukselen-Aksoy et al. [48], including clays #2, #9, and #10 designated in their
study. The major metals in the seawater used by Yukselen-Aksoy et al. [48] were calcium (Ca)
and potassium (K), and their concentrations were approximately 1.37 and 1.33 mol/L,
respectively.
The sources of data and detailed information of metal solution, metal concentration, liquid
limit and initial water content of the metal-rich clays are shown in Table 1. The results of three
studies showed that the compression index Cc of clays and kaolin-bentonite mixtures decreased
8

with increasing metal concentration; the decreasing trend was likely to reach stable when the
metal concentrations were relatively high (see Table 1). The decrease in the compression index
Cc of metal-rich clays reported by Yong et al. [47] and Yukselen-Aksoy et al. [48] with the metal
concentration was attributable to the aggregation of soil particles, resulting from the contraction
of diffuse double layer of the dominant clay minerals (montmorillonite or vermiculite, see Table
1). Du et al. [11] found that the decrease in compressibility of kaolin-bentonite mixtures with
increasing Pb concentration was attributed to the contraction of the diffuse double layer of
bentonite as well as the change in the fabric of kaolin clay. The high Pb concentration resulted in
face-to-face aggregates (high-density flocs) or face-to-face aggregate in edge-to-face flocs of the
kaolin clay particles, depending on metal concentration levels.

3.2.

Simulation and Analysis
All the tests simulated in this study are one dimensional compression tests, thus Eq. (6) is

employed for the simulations. The compression curve of the clay treated by distilled water
(parent clay) is chosen as the reference state. The values of  vc are determined from the measured
behaviour of the parent clay. The values of parameter b identified by using Eq. (9) are listed in
Table 2. Figures 1 to 8 show the comparisons between the model simulations and experimental
data. It is seen that all the soils tested exhibit virgin yielding behaviour right at the start of the
test, pure elastic behaviour is not found in the soil behaviour. Hence, vy  vi , the initial stress
is the initial virgin yielding stress.
The following characteristics of the compression behaviour of metal-rich clays are observed.
(1) The virgin compression of the metal-rich clays is highly non-linear in the e – log(  v )
space. Because of the non-linearity, an accurate modelling of the compression of the metal-rich
9

clays is usually difficult. Few methods on predicting the compression behavior of metal-rich
clays have been reported.
(2) Unlike that of structured clays, the virgin compression line for all the metal-rich clays
studied is below that of the parent clay [20]. The same feature is also observed in previous
studies [3, 5, 10, 43]. The observation indicates that under the same stress level, the metal-rich
soil sustain less void ratio than that of the parent soil, which is different to the behaviour of most
natural soils [20, 27].
(3) The soil starts virgin yielding behaviour at the beginning of the test, thus the initial
yielding stress is equal to the initial stress. The metal-rich clays exhibit similar pattern, in terms
of virgin compression curve, as the parent clay. Consequently, the effect of metal contamination
on the virgin compression behaviour of clay is described by only one parameter b. This
conclusion is based on quantitative analyses of soil test results.
(4) The value of parameter b is usually positive, i.e., b > 0. The maximum value for b found
is 0.55. As seen in Table 2, the relationship between the value of the parameter b and the metal
concentration is complicated.
Following Hook’s law, the volumetric strain d  v and bulk modulus B of a soil are related
by the following equation:
d v 

dp
B

(10)

Then for the elastic deformation, the bulk modulus for the meta-rich soil (Ba) is the same as
that for the parent soil (Bc), i.e.,
B a  Bc for p  py

(11)

For the virgin yielding (i.e., p  py ), the following equation can be obtained based on Eq.
(5) or (6)
10

Ba 

Bc
for p  py
1 b

(12)

Similar to Eqs. (5) and (6), the bulk modulus B can be written in terms of the mean
effective stress or the vertical effective stress. An examination of the relationship between these
two stress parameters for compression tests can be found in Liu and Carter (1999).
Based on the study, the ratio of the bulk modulus for metal-rich clays over that of the
corresponding parent clay can be assumed as constant for engineering computation. Thus, the
bulk modulus for metal-rich clays can be worked out by that of the parent clay multiplied by a
constant. The bulk modulus is an important soil parameter for various engineering computations
[2, 4]. This conclusion has useful engineering application. The highest value of the bulk modulus
for the metal-rich clays found in this study is 2.2 times that of the parent soil reported by
Yukselen-Aksoy et al. [48].

3.3.

Relationships between parameter b and some other basic soil parameters
Two key points are required in predicting the virgin compression line of metal rich clay for

the proposed model as seen in Eqs (5) and (6) : (1) parameter b, and (2) the initial virgin yielding
stress. For metal-rich clay, it is found that the initial virgin yielding stress is usually equal to the
initial stress. A study is made on the relationships between the parameter b and the void ratio at
vertical effective stress of 1 kPa, and liquid limit, as a practical tool of estimating the value of b.
It has been well understood that liquid limit and initial water content are two main physical
properties that affect the compressibility of clayey soils. Parameter e1, defined as void ratio at  v
= 1 kPa, is proposed to evaluate the compression index of reconstituted clays [17, 15]. Fan et al.
[15] indicated that the parameter e1 had a unique relationship with the initial void ratio (e0) and
void ratio at liquid limit (eL) with respect to kaolin-bentonite mixtures. In addition, Du et al. [11]
11

indicated that the Cc –e1 relationship for lead-contaminated kaolin-bentonite mixtures was unique,
and it was almost the same as the Cc –e1 relationship obtained from clean ones. In this study, Δe1,
the difference in void ratio at  = 1 kPa between parent clay and metal-rich clays, is used to
reflect the relationship between parameter b and liquid limit as well as initial water content. The
relationship between parameter b and Δe1 is presented in Fig. 9 on a semi-logarithmic scale. The
e1 value, herein, is determined according to the method used by Fan et al. [15]. The results show
that b value has a tendency to increase with Δe1, and the Δe1 and b relationship is expressed by
Eq. (13) with R2 of 0.835.

b  0.13log  e1   0.365

(13)

It should be noted that three data obtained from smectite and Na2CO3-amended smectite
reported by Yong et al. [47] noticeably deviates from Eq. (13). This can be attributed to the fact
that the e – log(  v ) compression curves corresponding to three data display a noticeable
inversed 'S' shape. Under such circumstance, e1 is unlikely to reflect the decrease in
compressibility under relatively high vertical effective stress (i.e., 200 kPa shown in Figs. 4 and
5).
Previous studies suggested that the change in liquid limit could reflect the change in
engineering properties of clays when exposed to chemical liquids [23, 11]. To evaluate such
change, the liquid limit is the mostly cost-effective index since chemical analysis of chemical
liquids is costly and time-consuming. Liquid limit ratio (LLR) is used to evaluate the chemical
compatibility with respect to hydraulic conductivity of engineered soil barriers [23, 11]. The
liquid limit ratio, herein, is defined as the ratio of the liquid limit of metal-rich clay to that of the
parent clay. The relationship between LLR and b for lead-contaminated kaolin-bentonite
mixtures [11] and natural clays exposed to seawater [48] is presented in Fig. (10). The results
12

indicate that the b value decreases linearly with the liquid limit ratio, and b-LLR correlation is
represented by Eq. (14) with R2 = 0.903.

b  0.445LLR  0.67

(14)

In addition, the b-LLR correlation implies that parameter b increases with metal
concentration (see Tables 2 and 4). By using the above two empirical equations, i.e., Eqs. (13)
and (14), the compression curves of contaminated soils can be estimated conveniently, and the
proposed model is thus valuable for geotechnical engineering practice.
It should be noted that Eqs. (13) and (14) are empirical and based on available data. It is
widely seen that a given clay with a given metal, the parameter b increases with e1, or decreases
with LLR. However, the accuracy of the empirical equations varies with parent clay and the
contaminated metals. These equations are suggested for an estimation of the value of parameter b
when the determination of parameter b from experimental data is impossible.

4.

Conclusions
Based on the work by Liu et al. [26] on structured geomaterials, a compression model for

metal-rich clays was proposed. The model is simplified, and there is in reality only one
parameter for describing the influence of metal contamination on the compression behaviour of
the soil, parameter b. The model is thus convenient for practical application. The model has been
employed to simulate the compression behaviour of various metal-rich clays, i.e., lead-rich
kaolin-bentonite mixtures, copper-rich smectite, and seawater-contaminated natural clays. It is
found that the compression behaviour for all these metal-rich clays has been simulated
satisfactorily by using the proposed model.
In the compression model, the deformation of metal-rich clays before the current yielding
stress is assumed to be elastic and be independent of the change in pore fluid chemistry. The
13

virgin compression behaviour is strongly dependent on the metal concentration. It is observed
that the metal-rich clays usually exhibit virgin yielding at very low stress if the soil has not
experienced historical loading. Therefore, the yielding stress for metal-rich clay is suggested to
be equal to the current stress if that value is the historical maximum stress the soil has ever
experienced.
Unlike most naturally structured clays, metal-rich clays usually have less void ratio than
their parent clays and produce less volumetric deformation. Parameter b is usually positive. For
the metal-rich clays tested in this study, the value of b is dependent on the clay mineralogy,
metal type and concentration of the metal solutions. Based on this study, it is concluded that the
ratio of the bulk modulus for the metal-rich clay with a certain metal concentration over that of
the parent clay can be assumed as constant, and the ratio is usually greater than 1. The highest
value found in this study is 2.2 for a clay exposed to sea water.
The applicability of the proposed compression model is to determine model parameter b.
Empirical equations between parameter b and soil parameters, void ratio at  v = 1 kPa and
liquid limit ratio, are established to provide methods for estimating parameter b. The relationship
between void ratio at  v = 1 kPa and parameter b reflects the effects of liquid limit and initial
water content on the compressibility; while the relationship between liquid limit ratio and
parameter b implies that the b value tends to increase with metal concentration. This relationship
can be used as a practical tool for estimating compression behaviour of contaminated soils at
various metal concentrations.
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Table Captions
Table. 1 Physico-chemical properties and compression index of metal-rich reconstituted clays
reported in previous studies.
Table. 2 Values of parameter b in Eq. (6) for lead-contaminated kaolin-bentonite mixtures.
Table. 3 Values of parameter b in Eq. (6) for smectite and Na2CO3-amended smectite.
Table. 4 Values of parameter b in Eq. (6) for natural clays exposed to seawater
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Table 1 Physico-chemical properties and compression index of metal-rich reconstituted clays reported in previous studies
Soil

Metal
solution

Metal
Primary clay
concentration minerals
(mmol/L)

Kaolin-bentonite
mixture with BC1
of 5%

Pb(NO3)2

0
65
131
692
0
59
121
629
0
51
112
579
0
100
200
1000
100
200
1000
0

Liquid limit,
wL (%)

Kaolinite,
43.9
Montmorillonite 37.2
36.9
34.9
Kaolin-bentonite Pb(NO3)2
Kaolinite,
53.3
mixture with BC
Montmorillonite 40.8
of 10%
39.8
38.4
Kaolin-bentonite Pb(NO3)2
Kaolinite,
61.7
mixture with BC
Montmorillonite 46.9
of 15%
43.1
41.7
Smectite
Cu(NO3)2
Montmorillonite N.A.
N.A.
N.A.
N.A.
Na2CO3-amended Cu(NO3)2
Montmorillonite N.A.
smectite
N.A.
N.A.
Soil 2#
Water
Vermiculite
48.7
Soil 9#
Montmorillonite 330.7
Soil 10#
Montmorillonite 395.8
Soil 2#
Natural
Ca: 1364;
Vermiculite
47.9
Soil 9#
Aegean
Na: 631; K:
Montmorillonite 89.6
Soil 10#
seawater
1325; Mg: 67 Montmorillonite 123.6
1
BC is the bentonite content of kaolin-bentonite mixture.
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Initial water
content, w0
(%)
41.8
37.2
35.7
33.2
51.1
40.3
39.0
54.0
62.7
48.6
43.0
40.4
337
124
100
87
278
219
112
48.7
330.7
395.8
47.9
89.6
123.6

Virgin yield Compression
 index, Cc
stress,  vy
(kPa)
At start
0.29
At start
0.22
At start
0.22
At start
0.19
At start
0.41
At start
0.28
At start
0.26
At start
0.26
At start
0.61
At start
0.34
At start
0.31
At start
0.29
At start
4.98
At start
3.92
At start
1.28
At start
1.10
At start
4.23
At start
3.34
At start
1.11
At start
0.35
At start
3.86
At start
5.80
At start
0.30
At start
0.83
At start
1.18

Reference

Du et al.
[11]

Yong et
al. [47]

YukselenAksoy et
al. [48]

Table. 2 Values of parameter b in Eq. (6) for lead-contaminated kaolin-bentonite mixtures (Data
after Du et al, 2015)
Soil ID
B5Pb60
B5Pb120
B5Pb600
B10Pb60
B10Pb120
B10Pb600
B15Pb60
B15Pb120
B15Pb600

Parameter b
0.28
0.25
0.3
0.34
0.36
0.3
0.35
0.4
0.38

Corresponding Figure
Figure 1

Figure 2

Figure 3
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Table 3. Values of parameter b in Eq. (6) for smectite and Na2CO3-amended smectite (data after
Yong et al, 2009)
Soil ID

Parameter b

Corresponding Figure

S-Cu0.01
S-Cu0.05
S-Cu0.1
S-Cu0.5
SN-Cu0.05
SN-Cu0. 1
SN-Cu0.5

0.11
0.40
0.47
0.55
0.01
0.08
0.44

Figure 4

Figure 5
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Table 4. Values of parameter b in Eq. (6) for natural clays exposed to seawater (data after
Aukselen-Aksoy et al, 2008)
Soil ID
Soil #2
Soil #9
Soil #10

Parameter b
0.2
0.55
0.5

Corresponding Figure
Figure 6
Figure 7
Figure 8
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Figure Captions
Fig. 1 Simulations for tests in B5 series reported by Du et al. (2015)
Fig. 2 Simulations for tests in B10 series reported by Du et al. (2015)
Fig. 3 Simulations for tests in B15 series reported by Du et al. (2015)
Fig. 4 Simulations for tests in smectite exposed to Cu(NO3)2 reported by Yong et al. (2009)
Fig. 5 Simulations for tests in Na2CO3-amended smectite exposed to Cu(NO3)2 reported by Yong
et al. (2009)
Fig. 6 Simulations for tests in Soil #2 reported by Yukselen-Aksoy et al. (2008)
Fig. 7 Simulations for tests in Soil #9 reported by Yukselen-Aksoy et al. (2008)
Fig. 8 Simulations for tests in Soil #10 reported by Yukselen-Aksoy et al. (2008)
Fig. 9 Relationship between difference value of void ratio at  = 1 kPa and parameter b
Fig. 10 Relationship between liquid limit ratio and parameter b
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Fig. 1 Simulations for tests in B5 series reported by Du et al. (2015)
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Fig. 2 Simulations for tests in B10 series reported by Du et al. (2015)
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Fig. 3 Simulations for tests in B15 series reported by Du et al. (2015)
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Fig. 4 Simulations for tests in smectite exposed to Cu(NO3)2 reported by Yong et al. (2009)
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Fig. 5 Simulations for tests in Na2CO3-amended smectite exposed to Cu(NO3)2 reported by Yong
et al. (2009)
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Fig. 6 Simulations for tests in Soil #2 reported by Yukselen-Aksoy et al. (2008)
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Fig. 7 Simulations for tests in Soil #9 reported by Yukselen-Aksoy et al. (2008)
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Fig. 8 Simulations for tests in Soil #10 reported by Yukselen-Aksoy et al. (2008)
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Fig. 9 Relationship between difference in void ratio at  = 1 kPa and parameter b
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Fig. 10 Relationship between liquid limit ratio and parameter b
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